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Abstract
It is generally accepted that the planet is undergoing climatic changes, and ‘climate change’ has become the scapegoat for many catastro-
phes, including infectious disease outbreaks, as acknowledged by Randolph and Ergonul, who state ‘Climate change is the current ubiqui-
tous explanation for increased incidence of infections of many sorts’ (Future Virology 2008; 3: 303–306). However, as these authors
argue, this is a highly simplistic view and, indeed, there is a complex network of factors that are responsible for disease emergence and
re-emergence. In this short review, the role that climate change could play in the emergence of bunyavirus disease is considered, using
a few selected examples.
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Introduction
The Wildlife Conservation Society published a report in
October 2008 entitled ‘The Deadly Dozen: Wildlife Diseases
in the Age of Climate Change’ (http://www.wcs.org/deadly-
dozen/wcs_deadly_dozen), which lists 12 pathogens that
could spread to virgin territory as the result of climatic alter-
ations. To quote S. Sanderson, President of the Wildlife
Conservation Society, ‘The term ‘climate change’ conjures up
images of melting ice caps and rising sea-levels that threaten
coastal cities and nations. But just as important is how increasing
temperatures and ﬂuctuating precipitation levels will change the
distribution of dangerous pathogens’. In this review, the validity
of that statement will be considered with regard to bunyavi-
ruses, a family of viruses that includes Rift Valley fever virus,
a member of ‘The Deadly Dozen’. Epidemics of Rift Valley
fever are closely associated with climatic conditions; out-
breaks frequently occur after periods of heavy rain, such as
those driven by El Nino/Southern Oscillation events [1–3],
when mosquitoes hatch from dormant eggs infected with the
virus. Indeed, transovarial transmission [4,5] appears to play
a signiﬁcant role in maintenance of the virus in inter-epi-
demic periods (see below). The take-home message will be
that the effects of climate change on vector-borne infectious
disease are numerous, complex, not necessarily bad and not
entirely predictable.
Bunyaviruses
The family Bunyaviridae, whose members are collectively
known as bunyaviruses, is the largest family of RNA viruses
and contains more than 350 named isolates. Membership of
the family is based on common properties including an envel-
oped, spherical virion approximately 100 nm in diameter;
possession of a tripartite single-stranded RNA genome hav-
ing a negative- or ambi-sense coding strategy; cytoplasmic
site of replication; and virion maturation in the Golgi com-
plex [6]. All bunyavirus particles comprise just four structural
proteins: two external virion surface glycoproteins (Gn and
Gc) that are encoded by the M (medium-sized) genome
RNA segment, and two internal proteins, N, the nucleocap-
sid protein encoded by the S (small) segment that encapsi-
dates the genomic RNA, and L, the viral RNA-dependent
RNA polymerase, which is encoded by the L (large) genome
segment. Viruses in the family are divided into ﬁve genera
(i.e. Orthobunyavirus, Hantavirus, Nairovirus, Phlebovirus and
Tospovirus) on the basis of serological relationships and
biochemical characteristics such as the patterns of genome
RNA segment sizes and structural protein sizes that are
conserved in a genus-speciﬁc manner [6–8].
Orthobunyaviruses, nairoviruses and phleboviruses are
arboviruses (i.e. arthropod borne viruses) whose natural
lifecycle involves replication in haematophagous arthropods
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and warm-blooded vertebrate species. Tospoviruses are
plant pathogens and are also transmitted by arthropods; in
their case, by different thrips species. Hantaviruses are not
vectored by arthropods but are maintained in nature as
persistent infections of rodents and insectivores, and are
transmitted to humans in infected secretions and excre-
tions [9]. Viruses in all ﬁve genera impinge on human
health and well-being, either directly in causing disease or
indirectly in causing disease to livestock or crop plants
(Table 1).
Emerging/Re-Emerging Disease
The deﬁnition of an emerging disease, according to the
National Institute of Allergy and Infectious Diseases, is ‘an
outbreak of previously unknown diseases or known diseases
whose incidence in humans has signiﬁcantly increased in the
past two decades’ (http://www3.niaid.nih.gov/topics/emerging/
introduction.htm); certainly, many bunyavirus-mediated dis-
eases fall within this deﬁnition (e.g. Rift Valley fever virus,
Crimean-Congo haemorrhagic fever virus, Sin Nombre
hantavirus). In this article, consideration of the effects of
climate changes in relation to disease emergence is restricted
to the arthropod-transmitted members of the bunyavirus
family, whereas the hantaviruses are dealt with separately by
B. Klempa.
The factors associated with emergence/re-emergence
of viral disease are numerous [10], and among the most
important are the following.
Virus evolution: for example, by mutation, genome segment
reassortment or recombination.
Modiﬁcation of host behaviour: as a result of advances in
medical procedures requiring prolonged immunosuppression,
or blood and blood-product transfusions; failure of vaccina-
tion policies; recreational drug abuse, particularly with needle
sharing; international air travel; breakdown in healthcare sys-
tems because of political upheaval and wars; mass migration
of refugees and refugee camps; increased urbanization.
Changes in agricultural practice: land use, deforestation, irri-
gation projects, etc., leading to increased contact with vec-
tors; increased worldwide transportation of livestock, birds,
plants and invertebrates; animal feed production.
Improved virus recognition and detection: for example, as a
result of PCR-based methods.
Increased contact with vectors is usually cited as the major
factor in the emergence of arthropod-borne disease and,
although land use changes as described above or human
activities such as more adventurous holidays may play a role,
changes in vector distribution and density as a result of
climate change would currently appear to be of greater con-
cern. However, the emergence of a particular disease can
rarely be attributed to a single factor. Certainly, there are
speciﬁc examples for which recognized changes can be high-
lighted (e.g. dam building or forest clearance) [11] but other
factors always contribute to the development of disease out-
breaks, at least to a detectable level. Furthermore, climate
change impacts directly on many of the factors cited above,
indicating that, in the case of arboviruses, climate change
TABLE 1. Selected important pathogens in the family Bunyaviridae
Genus/virus Disease Principal vector Distribution
Orthobunyavirus
Akabane Cattle: abortion and congenital defects Midge Africa, Asia, Australia
Cache Valley Sheep, cattle: congenital defects Mosquito North America
La Crosse Human: encephalitis Mosquito North America
Ngari Human: haemorrhagic fever Mosquito Africa
Oropouche Human: fever Midge South America
Tahyna Human: fever Mosquito Europe
Hantavirus
Hantaan Human: severe haemorrhagic fever with renal syndrome
(HFRS), fatality 5–15%
Field mouse Eastern Europe, Asia
Seoul Human: moderate HFRS, fatality 1% Rat Worldwide
Puumala Human: mild HFRS, fatality 0.1% Bank vole Western Europe
Sin Nombre Human: hantavirus cardiopulmonary syndrome, fatality 50% Deer mouse N. America
Nairovirus
Crimean-Congo haemorrhagic
fever
Human: haemorrhagic fever, fatality 20–80% Tick Eastern Europe, Africa, Asia
Nairobi sheep disease Sheep, goat: fever, haemorrhagic gastroenteritis, abortion Tick, mosquito Africa, Asia
Phlebovirus
Rift Valley fever Human: encephalitis, haemorrhagic fever, retinitis, fatality 1–10%.
Domestic ruminants: necrotic hepatitis, haemorrhage, abortion
Mosquito Africa
Naples sandﬂy fever Human: fever Sandﬂy Europe, Africa
Sicilian sandﬂy fever Human: fever Sandﬂy Europe, Africa
Tospovirus
Tomato spotted wilt Plants: over 650 species, various symptoms Thrips Worldwide
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certainly contributes to disease emergence. What is less
clear is the level to which climate change is contributing at
the moment and will contribute in the future. In the
speciﬁc context of arthropod-transmitted viruses, climate, and
therefore climate change, impacts directly on the lifecycle
of arthropods and on their geographical distribution, which
in turn can signiﬁcantly alter disease transmission character-
istics. These consequences will be illustrated by analyzing
different facets of bunyavirus natural history.
Bunyavirus–Vector Interactions
The maintenance of vector-borne diseases in general
involves dynamic and reciprocal interactions among the
pathogen, the vector and the host. These complex interac-
tions are inﬂuenced by both intrinsic (e.g. innate immunity
of both vector and host) and extrinsic (e.g. environmental)
factors.
Mosquito-transmitted bunyaviruses are usually maintained
in nature in cycles involving a few susceptible vertebrate and
transmission-competent invertebrate species. The processes
of both horizontal and vertical transmission are important
for long-term virus maintenance [12]. Horizontal virus trans-
mission involves several distinct phases: infection of verte-
brate hosts by infected mosquito vectors, ampliﬁcation of
virus in the vertebrate host, acquisition of ampliﬁed virus by
uninfected vectors feeding on viraemic vertebrate hosts, and
ampliﬁcation of the acquired virus in the newly-infected
invertebrate vector. This ampliﬁed virus may also be trans-
mitted venereally between mating mosquitoes [13]. Vertical
transmission refers to the transmission of the ampliﬁed virus
through the ova (eggs) to the next generation of mosquitoes
[14]. Depending on the climatic conditions, mosquito eggs
may remain dormant for extended periods of time (weeks/
months/years) during which the virus remains viable within
the ova. In effect, these infected eggs can be considered as
an approximate equivalent of bacterial spores. After unspeci-
ﬁed periods of time, when the climatic conditions are favour-
able, the eggs hatch to release virus-infected larvae that
moult to produce pupae, which then mature into adults. If
the ova were infected, then, in most cases, the resulting
adult mosquitoes will be infected. The efﬁciency with which
vertical transmission occurs in mosquitoes varies widely for
different species of mosquito and virus. Its signiﬁcance in
virus epidemiology is still a relatively untapped research
topic. Nevertheless, vertical transmission is considered to be
essential, at least for some arboviruses, to ensure long-term
survival during favourable and even unfavourable climatic
conditions.
Studies focusing on endemic bunyaviruses in the USA have
revealed remarkable stability of maintenance and transmis-
sion cycles of three California serogroup viruses [12]: La
Crosse virus in chipmunks and Aedes (= Ochlerotatus) triseria-
tus mosquitoes; snowshoe hare virus in snowshoe hares and
Aedes communis mosquitoes; and Trivittatus virus in cotton-
tail rabbits and Aedes trivittatus mosquitoes. Even though all
three viruses have been isolated in the same geographical
locality, the integrity of these distinct life cycles is main-
tained. This contrasts with the situation relating to Rift Valley
fever virus, which has been isolated from more than 40 spe-
cies of mosquito, representing eight genera, as well as phle-
botomine ﬂies [15,16]. This promiscuity of vector usage
presumably aids in the dissemination of the virus. Rift Valley
fever virus provides an excellent example of virus dispersal.
In 1977, the virus disseminated into Egypt, presumably having
gradually migrated northwards along the eastern region of
Africa. By the year 2000, Rift Valley fever virus had reached
the Arabian Peninsular where local mosquito species were
able to transmit the virus efﬁciently, causing outbreaks in
both animals and humans [15,17,18]. This mobility reﬂects
the situation with some other arboviruses, such as West
Nile virus (Flaviviridae family), which has been isolated from
75 mosquito species [19], a feature no doubt facilitating its
spread across the entire mainland of the USA, the southern
states of Canada, the Caribbean and South America after its
introduction in 1999.
Life Cycle of a Mosquito-Transmitted
Bunyavirus
Mosquitoes become infected after the uptake of a blood
meal from a viraemic vertebrate host. Successful infection is
dependent on whether the mosquito acquires the minimal
infectious dose to enable infection of the mosquito midgut
cells. This depends on the level of viraemia in the vertebrate
host and also on the feeding behaviour of the female mos-
quito, which in turn is affected by the response of the verte-
brate (e.g. tail ﬂicking to remove a biting mosquito),
environmental conditions (e.g. temperature, wind or precipi-
tation) and the physiological condition of the mosquito (e.g.
hormonal inﬂuences as she prepares to lay eggs). After its
replication in the midgut cells, the virus is released into the
haemocoel and infects and replicates in the salivary glands,
from where it is secreted into the saliva when the mosquito
next feeds, thus facilitating virus transmission [20]. The time
between the initial infection and subsequent transmission of
virus in the saliva is termed the extrinsic incubation period;
this is inﬂuenced by temperature, and is shorter at higher
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temperatures [21], which also affect the lifespan of the mos-
quito. Hence, the transmission of a particular virus could be
compromised if the extrinsic incubation period is longer than
periods between mosquito feeding, or indeed the life of the
mosquito.
Vector Competence
The ability of a particular vector species to transmit a patho-
gen, such as a virus, to a vertebrate host is known as vector
competence, and is determined by viral, vector and environ-
mental factors [22]. Delineation of the factors that deter-
mine vector competence for any particular arthropod-virus
combination is far from being understood [20,22]. Neverthe-
less, temperature is a critical determinant of increased virus
transmission efﬁciency [23]. Studies have shown that viral
replication can be blocked at various stages during the infec-
tion of mosquitoes [20,24], such as the midgut infection bar-
rier (i.e. no initial infection after ingestion of infected blood
meal), the midgut escape barrier (i.e. no disseminated infec-
tion although midgut cells can be infected) and the salivary
gland barrier (i.e. no transmission even though disseminated
infection has occurred). Both viral and vector genetics inﬂu-
ence these barriers. For example, studies on reassortant
viruses between La Crosse and snowshoe hare viruses
showed that, although all viruses were able to infect Aedes
triseriatus mosquitoes, only La Crosse virus or reassortants
containing the La Crosse virus M genome segment caused
disseminated infection and were efﬁciently transmitted subse-
quent to the bite of an infected mosquito [25,26]. Thus, the
viral glycoproteins and NSm protein are implicated in the
ability of La Crosse virus to cause a disseminated infection
of A. triseriatus.
In terms of vector genetics early studies noted that there
were differences in both the susceptibility for infection by,
and ability to transmit, La Crosse virus transmitted by
A. triseriatus populations isolated from different geographical
regions; transmission rates were greater for mosquitoes iso-
lated in virus endemic regions [27]. The vector competence
of three Aedes species, A. triseriatus, A. albopictus and
A. aegypti, to transmit La Crosse virus has been compared.
A. triseriatus and A. albopictus were more susceptible to oral
infection than A. aegypti, whereas disseminated infection was
much lower in A. albopictus and A. aegypti compared to A. tri-
seriatus, indicating a midgut escape barrier in the former
mosquitoes [28]. The availability of mosquito genome
sequences should help to characterize the molecular basis
for this barrier, but it will undoubtedly be complex. Ander-
son et al. [29] compared the ability of hybrids between the
competent vector A. triseriatus and the poorly competent
Aedes (= Ochlerotatus) hendersoni (a species in which a salivary
gland barrier is apparent) to transmit La Crosse virus. Four
independent genome regions were associated with oral
transmission of the virus, indicating the involvement of multi-
ple genes. Interestingly, the same study identiﬁed three geno-
mic regions that were associated with mosquito body size
and overlapped those regions correlating with transmission.
Previous observations have linked body size with transmis-
sion rates, although with conﬂicting results. Some studies
showed that smaller A. triseriatus females transmitted La
Crosse virus more efﬁciently than larger females [30,31],
whereas another study reported the opposite result [32].
Despite these different observations, it is certain that envi-
ronmental conditions can inﬂuence body size, virus transmis-
sion efﬁciency and vector competence. Thus, based on these
observations, there is a high likelihood that climate change
will exert a signiﬁcant inﬂuence on the epidemiology of
arboviruses.
Effect of Climate Change on Vector
Distribution
In addition to predicted temperature increases, climate
change will also induce variations in rainfall, humidity, wind-
patterns and length of daylight hours, all of which will impact
on arthropod reproduction and development, their distribu-
tion, and feeding behaviour, and in turn all can inﬂuence virus
replication and transmission.
Temperature may have a marked effect on vector distri-
bution, as shown by the example of the orbivirus, bluetongue
virus, which has gradually spread into northern Europe under
the inﬂuence of the northerly dispersal of the midge Culico-
ides imicola [33]. Similarly, temperature could inﬂuence the
altitude at which vectors can reproduce and transmit viruses.
Hence, global warming could re-distribute mosquito popula-
tions to higher altitudes, thus exposing human populations
who were previously free of this risk. An increase in the
range of vector species is considered to be a reliable predic-
tor of the spread of vector-borne disease [34]. This may
appear simplistic because temperature alone is not the sole
factor governing vector distribution. Moreover, whether the
vector showing an expanded range is competent to transmit
a particular virus has to be taken into account. Indeed, dis-
semination of one vector may displace or replace existing
native vectors, possibly resulting in the elimination of a previ-
ously endemic virus. Rainfall may also have signiﬁcant effects
on vector distribution: torrential rainfall can wash away
breeding mosquito pools, whereas periods of drought tend
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to concentrate vector populations into available waterholes.
Rainfall patterns may also inﬂuence population density of sus-
ceptible vertebrate hosts involved in virus maintenance and
natural transmission cycles, resulting in either an increase or
decrease in virus activity. Under extreme conditions (e.g.
drought and accompanying famine), humans and other verte-
brates may be more vulnerable to infection, potentially
increasing disease incidence.
The recent reports of A. albopictus (the Asian tiger mos-
quito) dissemination have generated much concern [35,36].
This mosquito has spread from its assumed origins in south-
east Asia, to North and South America and to Europe. One
of the major factors believed to be responsible for this dis-
persal is the enormous scale of trading in used car tyres that
collect water and act as breeding containers for mosquitoes
[37]. To a lesser extent, commercial transportation of exotic
plants such as Lucky Bamboo [38] are also believed to have
contributed to the movement of the tiger mosquito. A. albo-
pictus is an aggressive day-feeding mosquito that has been
shown experimentally to be capable of transmitting 22 differ-
ent and important arboviruses, including Rift Valley fever and
La Crosse virus [39]. This mosquito species has displaced
endemic mosquitoes in some areas of the USA [40]. More-
over, isolation of bunyaviruses from naturally infected A. albo-
pictus in the USA has been recorded, although, to date,
transmission to humans has not been reported [39]. After
the success of this mosquito species in colonizing new terri-
tories, it is predicted that its range could increase further
with climate change (e.g. in Europe extending as far as Scan-
dinavia by 2030) [41]. Thus, adaptation by a particular virus
(see below) for efﬁcient transmission by this mosquito could,
but not necessarily will, result in emergence of virus diseases
in new areas.
Adaptation to New Vectors
Genome segment reassortment between closely related
bunyaviruses has been demonstrated in experimentally
infected mosquitoes and is known to occur in nature. High-
frequency reassortant may occur when mosquitoes are
infected simultaneously with two viruses either in the same
blood meal, or as a result of interrupted feeding, when blood
meals are taken within relatively close times of each other
(<2 days apart), thus avoiding superinfection exclusion [42].
In addition, reassortant bunyaviruses have been isolated in
nature. For example, Ngari virus, which causes haemorrhagic
disease in man, is a reassortment between Bunyamwera and
Batai viruses, both of which cause nonhaemorrhagic febrile
illness [43]. Reassortants of different strains of Rift Valley
fever virus have been isolated during recent epidemics in
East Africa [44]. Therefore, the capability of exchanging gen-
ome segments can have consequences for the virus inﬂu-
enced by climate change; new viruses could be created by
reassortment between viruses, previously in separate geo-
graphical niches, brought together through changes in their
vector distribution. Furthermore, by exchanging genome seg-
ments encoding viral proteins that are associated with trans-
mission by a particular mosquito (as demonstrated
experimentally with La Crosse and snowshoe hare viruses
described above), reassortment is a possible way by which
bunyaviruses could adapt to be transmitted by additional or
new vectors.
In common with all single-stranded RNA viruses, bunyavi-
rus RNA synthesis is prone to error because of a lack of
proof reading by the viral polymerase, and genetic variants
have been characterized for many bunyaviruses isolated in
the ﬁeld [45]. Do bunyaviruses have the potential for muta-
tion of one of the M segment gene products to cause a
change in vector usage? The La Crosse and snowshoe hare
virus M segment proteins are 10% different (approximately
145 amino differences in 1441) [46], although it would not
be expected that all these amino acids are involved in vec-
tor speciﬁcity. Indeed, a mutant of La Crosse virus resistant
to a Gc glycoprotein-directed neutralizing monoclonal anti-
body was unable to infect A. triseriatus midgut cells by the
oral route [47] (although the virus was able to establish
infection when inoculated intrathoracically), suggesting that
vector speciﬁcity could be controlled by only a few amino
acids. Therefore, adaptation to a different vector by muta-
tion is theoretically possible, and could be enhanced by
temperature increases, which in theory should boost the
viral replication rate. This possibility warrants further inves-
tigation. Such a change has been noted for Chikungunya
virus, an arbovirus in the family Togaviridae. A single amino
acid change in the E1 envelope glycoprotein dramatically
alters vector speciﬁcity. Chikungunya virus normally has an
alanine at position 226 in E1 and is associated with
A. aegypti mosquitoes. However, variants with a valine at
position 226 show enhanced replication and transmission in
A. albopictus [48,49]. This single mutation led to the wide-
spread dispersal of Chikungunya virus in regions of Asia
where A. albopictus has displaced A. aegypti. Moreover, as
the direct result of this single mutation, an outbreak of
Chikungunya fever occurred in northern Italy when the
valine-carrying variant was introduced into a region in
which the local mosquito population comprised A. albopictus
[50]. This outbreak would not have occurred if the virus
had been the alanine variant because A. aegypti does not
circulate in northern Italy. Thus, the successful
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establishment of A. albopictus in more northerly regions,
aided and abetted by climate change, may have serious
implications for future epidemiology as a result of bunyavi-
ruses that are vectored by this mosquito species.
Tick-transmitted bunyaviruses
Thus far, the impact of climate change on mosquito-borne
bunyaviruses has been the focus of attention but some
important pathogenic bunyaviruses, such as the Crimean-
Congo haemorrhagic fever virus, are transmitted by ticks.
This virus has a reported distribution throughout Africa,
eastern Europe, the Middle East, Pakistan and eastern
China. It is transmitted by various species of tick, in cycles
involving both small and large mammals. Although Crimean-
Congo haemorrhagic fever virus has been isolated from at
least 31 species of tick, few have been proven to transmit
the virus. Ixodid ticks of the Hyalomma genus are the prin-
ciple vectors, but Rhipicephalus, Boophilus, Dermacentor and
Ixodes species may also be signiﬁcant vectors and this could
partly explain the wide geographical distribution of the virus
in the Old World [51–53]. However, relatively little is
known about the factors associated with vector compe-
tence in ticks.
Although less well-studied than other haemorrhagic
fever-associated viruses, such as Ebola virus or Lassa virus,
interest in Crimean-Congo haemorrhagic fever virus was
recently raised after an increased number of cases was
recorded in Turkey. Seventeen cases of Crimean-Congo
haemorrhagic fever were reported for the ﬁrst time in Tur-
key in 2002, rising to 717 cases by 2007 [54]. What were
the factors responsible for this exponential increase in
cases? Birds have been found to host numerous infected
Hyalomma tick species, although, with the exception of
ostriches, birds are considered refractory to infection [55].
Therefore, one possibility is that climate change-induced
alteration in the routes of migratory birds carrying infected
ticks may have introduced the virus into Turkey [56]. A
second possibility is that global warming has altered the
growth characteristics of ticks, promoting increased num-
bers and, thus, the emergence of virus from an already
endemic area. However, other factors, such as changing
agricultural practices, more wide-scale human movement
and/or urbanization, must presumably play a role in bringing
the ticks into contact with humans [54]. Clearly, more
studies are required but this example illustrates the com-
plexity of factors, in addition to climate change, that may
be responsible for the apparent increase in disease emer-
gence over the past few decades.
Conclusions
Vector-borne disease emergence results from a complex
interplay of host, pathogen, vector and environmental fac-
tors, including climate change. In terms of disease, the effects
of global warming may not always be obvious and, by them-
selves, will not necessarily result in an increased incidence of
arthropod-transmitted illnesses. In addition, appropriate gov-
ernmental responses, such as strategic vector control mea-
sures, speciﬁc vaccination policies and advice on behavioural
changes (e.g. avoiding exposure to arthropods during their
peak feeding times) may serve to limit the effects of newly-
emerging arthropod-borne diseases. On a global scale, as
well as addressing seriously the problem of arthropod con-
trol, world health agencies should also focus on increasing
surveillance and monitoring of global arthropod distribution,
to facilitate predictive modelling of potential disease move-
ment and outbreaks. Finally, more research is needed to
achieve a better understanding of vector competence and
hence the development of methods that reduce pathogen
transmission efﬁciency. The molecular tools are available for
such studies; all that is required is the willingness (and fund-
ing) to undertake them.
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